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Abstract
Tree planting is increasingly being proposed as a strategy to combat climate change 
through carbon (C) sequestration in tree biomass. However, total ecosystem C stor-
age that includes soil organic C (SOC) must be considered to determine whether 
planting trees for climate change mitigation results in increased C storage. We show 
that planting two native tree species (Betula pubescens and Pinus sylvestris), of wide-
spread Eurasian distribution, onto heather (Calluna vulgaris) moorland with podzolic 
and peaty podzolic soils in Scotland, did not lead to an increase in net ecosystem C 
stock 12 or 39 years after planting. Plots with trees had greater soil respiration and 
lower SOC in organic soil horizons than heather control plots. The decline in SOC 
cancelled out the increment in C stocks in tree biomass on decadal timescales. At 
all four experimental sites sampled, there was no net gain in ecosystem C stocks 
12–39 years after afforestation—indeed we found a net ecosystem C loss in one of 
four sites with deciduous B. pubescens stands; no net gain in ecosystem C at three 
sites planted with B. pubescens; and no net gain at additional stands of P. sylvestris. 
We hypothesize that altered mycorrhizal communities and autotrophic C inputs have 
led to positive ‘priming’ of soil organic matter, resulting in SOC loss, constraining the 
benefits of tree planting for ecosystem C sequestration. The results are of direct rel-
evance to current policies, which promote tree planting on the assumption that this 
will increase net ecosystem C storage and contribute to climate change mitigation. 
Ecosystem-level biogeochemistry and C fluxes must be better quantified and under-
stood before we can be assured that large-scale tree planting in regions with con-
siderable pre-existing SOC stocks will have the intended policy and climate change 
mitigation outcomes.
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1  | INTRODUC TION
Anthropogenic climate change has been described as the greatest 
current threat to ecosystems and all that depends on them (Nolan 
et al., 2018). World-wide strategies to mitigate climate change have 
therefore been proposed (Paris Agreement, 2015). Notable among 
these is the growing international momentum behind tree planting, 
and the extensive afforestation of areas with future climates poten-
tially suitable for forest cover (Bastin et al., 2019; Lewis, Wheeler, 
Mitchard, & Koch, 2019; New York Declaration of Forests, 2014; 
UNEP, 2011). These proposed mitigation steps rely on sequestration 
of carbon dioxide (CO2) by the production of tree biomass, but rarely 
consider the fate and storage of C in soils. Soil C storage is critically im-
portant, however, as more C is stored in soil globally than in vegetation 
and the atmosphere combined (Tarnocai et al., 2009). Furthermore, 
a large proportion of this is stored in high latitude regions (De Deyn, 
Cornelissen, & Bardgett, 2008; Köchy, Hiederer, & Freibauer, 2015; 
Wookey et al., 2009) and is vulnerable to loss through climate warm-
ing (Karhu et al., 2014). Across humid temperate, boreal and sub-Arc-
tic regions of the northern hemisphere, high densities of C are found 
in organic soils of uplands and tundra (Bradley et al., 2005; Crowther 
et al., 2019; Hartley et al., 2012). The persistence of these significant 
C reserves depends in part on climatic conditions but also signifi-
cantly on land use and vegetation cover (Bradley et al., 2005; Karhu 
et al., 2014). At high latitudes, significantly greater ecosystem C-stores 
are associated with low-stature, non-woody vegetation (tundra and 
ericaceous heathland vegetation), rather than with forests (Hartley 
et al., 2012; Parker, Subke, & Wookey, 2015). Similarly, trends of soil 
C loss following afforestation have also been reported in the context 
of forest plantations on grasslands (Guo & Gifford, 2002; Zerva, Ball, 
Smith, & Mencuccini, 2005). Changes in land use and vegetation cover 
thus have the potential to influence biological and biogeochemical 
processes that can reduce soil and hence ecosystem C storage, even 
resulting in a net C source to the atmosphere.
Planting trees in previously un-forested areas (or areas which have 
been deforested for centuries) creates profound changes to plant com-
munities. This ultimately affects below-ground microbial communities, 
resulting in a reshaping of the ecosystem with consequences for stored 
soil C (Kyaschenko, Clemmensen, Hagenbo, Karltun, & Lindahl, 2017; 
Wardle et al., 2004; Wurzburger, Brookshire, McCormack, & Lankau, 
2017). These consequences remain poorly quantified and understood. 
Both above- and below-ground organisms play an important role in 
C sequestration (Wardle et al., 2004), and it is vital to understand the 
combined responses of these communities to climate warming, and 
how they might be managed to facilitate climate mitigation (Amundson 
& Biardeau, 2018; Luyssaert et al., 2018). Although afforestation has 
potential positive effects on C sequestration through the generation 
of plant biomass, it may have variable effects on soil C depending on 
tree and associated mycorrhizal species (Craig et al., 2018), forest man-
agement (Kyaschenko, Clemmensen, Karltun, & Lindahl, 2017), land use 
practices prior to afforestation (Guo & Gifford, 2002; Zerva et al., 2005) 
and underlying soil characteristics (Jandl et al., 2006). It remains critically 
important to understand the consequences of afforestation for whole 
ecosystem C stocks, both above- and below-ground. This is also import-
ant in the context of climate-driven tree encroachment onto C-rich soils 
in northern boreal and low-Arctic tundra regions (Hagedorn et al., 2014; 
Reichle, Epstein, Bhatt, Raynolds, & Walker, 2018; Tømmervik et al., 
2009) around the circumpolar north, which may increasingly attract the 
attention of policy-makers and ecosystem managers in coming decades.
Here, we report direct measurements of the decadal-scale im-
pact of tree planting at sites with organic-rich soils on the whole-eco-
system carbon balance. We use an experimental research platform, 
where the oldest sites where established nearly 40 years ago, to ad-
dress our key hypothesis that gains in tree biomass following affor-
estation do not lead to a net increase in ecosystem C storage at sites 
with high soil organic matter (SOM) content.
2  | MATERIAL S AND METHODS
2.1 | Site description and experimental design
The four experimental sites used in this study—Ballogie, Craggan, 
Delnalyne and Kerrow—form part of the Moorland Colonisation 
experimental platform (MOORCO, 2018) and are located across 
Northern Scotland (Figure 1). Stands of the native tree species 
F I G U R E  1   Map of experimental sites 
used across Northern Scotland, with 
detailed site map of Ballogie, showing 
block and plot layout (not to scale). Plots 
and blocks used for soil respiration and C 
stock measurements are indicated with 
separate icons (key in figure). Note that 
the placement of these icons does not 
equate to the position of the relevant 
measurements, merely that these 
measurements were taken at the plot in 
question. The hashed birch plot in Block 1 
indicates failed tree growth. The detailed 
plot layout at other sites differed (see 
text)
     |  3FRIGGENS Et al.
downy birch (Betula pubescens Ehrh.), silver birch (Betula pendula 
Roth), or Scots pine (Pinus sylvestris L.) were planted in replicated 
paired-plot designs onto Calluna vulgaris (L.) Hull dominated heather 
moorland areas 12 or 39 years previously (Table 1). Tree planting and 
heather control treatments were randomly assigned to plots within 
blocks, following measurement of baseline soil parameters (bulk 
density, organic (Oh) horizon depth and %C), to ensure no underlying 
systematic bias between plots. Statistical analysis of these baseline 
data revealed no statistically significant initial differences between 
the subsequent planting treatments in any of the measured param-
eters (p > .05; Table S1).
The Ballogie experiment was established in 2005 (site map 
in Figure 1) and consists of three fenced blocks, each containing 
three plots (18 m × 15 m). Treatments of birch (B. pubescens) and 
Scots pine (P. sylvestris), both planted with 1 m spacing, and heath-
er-dominated (C. vulgaris) controls, were randomly assigned to the 
plots. Trees, 20–40 cm high Scots pine saplings and 40–60 cm high 
birch saplings, both of local provenance, were slot-planted with a 
spade, causing minimal disturbance to the soil profile. The birch 
plot in block 1 failed to establish and was therefore omitted from 
this study. Because of this, a fourth unfenced block, with the same 
treatments as the fenced blocks, was used for carbon stock mea-
surements but not soil respiration measurements. The presence/
absence of fencing was accounted for in the data analysis and 
block design. Within each planted and heather control plot (not ap-
plicable to Block 4), three 2 × 2 m subplots have been established 
and systematically weeded every year. The three weeding treat-
ments were removal of (a) ericoid species (WR), (b) graminoid spe-
cies (WM) and (c) understorey species predicted to be dominant 
in future forest successional stages (WD), for example, Vaccinium 
myrtillus and various grasses as described in figure 1 of Hester, 
Miles, and Gimingham (1991). Weeding treatments were applied to 
investigate the effects of understorey vegetation change on soil C 
cycling during forest succession.
At Delnalyne and Craggan, 12 plots were established on 
heather moorland in a paired-plot design, with one of each pair 
randomly assigned to a B. pubescens treatment. The experimental 
design at Kerrow had six groups of three plots with three treat-
ments: heather control, planted with B. pubescens, and planted 
with Betula pendula (silver birch). Seedlings for all three sites were 
grown in pots at the Centre for Ecology and Hydrology (CEH) 
Edinburgh from a local seed source (John Miles letters, recorded 
by RJM). Tree saplings were planted at 0.5 m spacing between 
1979 and 1981 and all three sites were fenced from grazing by 
large herbivores. See Mitchell et al. (2007) for further details of 
experiment design. At Kerrow, the establishment of an overhead 
power line through the site in 2012 led to trees being felled in 
eight of the 12 birch plots (felled plots were excluded from anal-
yses). Of the four planted plots remaining, two were B. pubescens 
and two were B. pendula, and both were used for carbon stock 
sampling. No difference in SOC stocks was found between the 
two species (p = 1.00), consistent with previous findings from the 
same plots (Mitchell et al., 2007).
2.2 | Soil respiration measurements
Soil respiration (Ballogie only) was measured at the edge and 4.5 m 
inside plots from the N, W, S and E edges of each plot (pooled by 
plot during data analysis) using a portable EGM-4 infrared gas ana-
lyser with a darkened CPY-4 chamber (PP Systems International). 
Respiration rates were calculated from the rate of CO2 increase 
TA B L E  1   Summary information for the four experimental sites
Site Location
Elevation 
(m a.s.l.) Soil type
Oh-horizon 
depth 
(mean ± SD 
cm)a 
Forest 
stand age 
(years) Species planted
Measurements in current 
study
Ballogie Lamahip Hill, 
Aberdeenshire: 
57°01′53.5″N, 
2°43′53.5″W
230 Peaty podzol 7.9 ± 2.0 12 Betula pubescens, 
Pinus sylvestris
SOC, soil respiration, 
hyphal and root 
production, understorey 
biomass, tree height and 
diameterb 
Kerrow Fasnakyle, Beauly: 
57°19′48.0″N, 
4°45′55.0″W
379 Humus-iron 
podzol
7.9 ± 1.7 39 B. pubescens, Betula 
pendula
SOC stocks, tree DBHb 
Craggan Ballindalloch, Moray: 
57°22′31.0″N, 
3°20′14.0″W
206 Humus-iron 
podzol
38.7 ± 13.9 39 B. pubescens SOC stocks, tree DBHb 
Delnalyne Lagganvoulin, Glen 
Livet: 57°14′27.0″N, 
3°20′38.0″W
433 Humus-iron 
podzol
17.2 ± 3.2 39 B. pubescens SOC stocks, tree DBHb 
Abbreviation: DBH, diameter at breast height; SOC, soil organic carbon.
aData for heather control plots only, measured in 2018–2019. O-horizon depth here refers to depth following removal of the L (litter) layer. 
bUsed to calculate tree biomass using allometric equations in Table S2. 
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within the closed system over a period of 96 s. Respiration was 
measured from 15 cm diameter and 5 cm high PVC collars which 
were secured to the soil surface using non-setting plumber's putty 
(Plumber's Mait®, Bostik Ltd) to minimize disturbance of the soil and 
prevent severing of any roots or fungal hyphae (Parker et al., 2015). 
All vegetation was excluded from the collars; therefore, respira-
tion in this study is defined as the sum of microbial and root res-
piration within the chamber, and represents forest soil respiration. 
Respiration measurements at all collars were taken 12 times between 
24 May 2017 and 16 October 2018. Soil temperature and moisture 
were measured at 5 cm soil depth at each collar using a hand-held 
Traceable® probe (Fisher Scientific) and a HH1 ThetaMeter (Delta-T 
Devices) at the same time as the respiration measurements were 
made.
2.3 | Carbon stocks: Sampling and analysis
Tree carbon was inventoried using allometric equations (Table S2). 
Tree size (height and girth) was measured in 2 m radius subplots 
(n = 4 per plot at Ballogie and n = 2 per plot at Kerrow, Craggan 
and Delnalyne), centred on the location from which the soil core was 
taken, within each planted plot. At Craggan, Delnalyne and Kerrow, 
tree girth was DBH (diameter at breast height), and at Ballogie di-
ameter at 10% height was measured (instead of DBH due to the 
large variation in tree height with many shorter than 1.3 m [stand-
ard ‘breast height’]). Tree above-ground biomass was converted into 
C stock using a conversion factor of 0.54 (Renou-Wilson, Pöllänen, 
Byrne, Wilson, & Farrell, 2010).
Ground flora above-ground C (including shrubs, forbs and 
grasses) at Ballogie was inventoried by destructive harvest of three 
50 × 50 cm quadrats within each plot, of all fresh biomass above 
the moss layer (if present), air-dried for 14 days and oven-dried for 
24 hr at 60°C. Above-ground biomass of shrub, forb and grass dry 
weight was converted into C stock using conversion factors; 0.48 
for shrubs (Allen, Harris, & Marrs, 2013) and 0.45 for forbs and 
grasses (Vogt, 1991). Above- and below-ground C stocks of ground 
flora vegetation at Kerrow, Craggan and Delnalyne were not mea-
sured. For control plots at these three sites, vegetation C stocks 
are assumed to be equal to those inventoried at Ballogie, given the 
similarity in vegetation cover (Figure S1), comparability to vegeta-
tion stocks at a range of other moorland sites in the UK (Quin, Artz, 
Coupar, Littlewood, & Woodin, 2014), and relatively low contribu-
tion to total organic C stocks. In birch plots at Kerrow, Craggan and 
Delnalyne, there was little, and predominantly herbaceous, ground 
flora present (Figure S1), in accordance with succession from moor-
land vegetation to birch woodland (Hester et al., 1991). The sparse 
ground flora present in these plots was considered to contribute a 
negligible amount of C to ecosystem C stocks.
Root C at all plots was inventoried using a combination of root 
plucking and applying conversion factors to above-ground C. Tree 
root C was estimated at all planted plots as 35% of above-ground 
tree C (26% of total tree C), as found by Renou-Wilson et al. (2010) 
in plots of afforested peaty soils of applicable age classes. Root C 
stocks in heather control plots at Ballogie were directly inventoried 
by plucking, washing and drying (at 65°C for 72 hr) the roots from 
three soil cores (4 cm diameter, 20 cm depth) taken within the cen-
tre of each plot. To avoid damage in these permanent experimental 
plots, roots >10 mm diameter were not excavated. Root dry weight 
was converted to C stocks using a 0.5 g C (g SOM)−1 conversion fac-
tor (Vogt, 1991). Ground flora associated root C in the 12-year-old 
birch and pine plots (Ballogie) was estimated using a 0.86 above:-
below-ground C conversion factor derived from heather control 
plots (i.e. representative ground flora communities). This conversion 
factor was applied to the measured above-ground ground flora C in 
birch and pine plots to account for the contribution of ground flora 
root C to total root C.
Carbon in the organic (O) horizon (hereafter referred to as soil 
organic carbon [SOC]) was inventoried in all plots at all sites by tak-
ing soil cores using a stratified random approach within the plots 
(n = 4 per plot at Ballogie and Kerrow, n = 2 per plot at Craggan and 
Delnalyne). Where n = 4 cores, the location was randomized within 
each quarter of the plot, and where n = 2 cores, the location was ran-
domized within each half of the plot. O-horizon depth (excluding litter 
layer, but including fermentation and humus layers) was recorded and 
cores were oven dried for 96 hr at 50°C. Soil C in mineral horizons was 
not inventoried, therefore references to ‘ecosystem C stocks’ do not 
include mineral soil C. SOM content for each sample was determined 
by loss on ignition in a furnace at 550°C for 4 hr (Ball, 1964) and a sub-
set of samples (n = 3 for each soil layer from each plot type from each 
site; 66 samples in total) was analysed for C content using a FLASH 
SMART elemental analyser (ThermoFisher Scientific). SOM was 
converted to SOC using a standard curve: SOC (kg/m2) = SOM (kg/
m2) × 0.5291, (R2 = .95), based on elemental analysis results.
Methodological contrasts between baseline and current soil 
sampling protocols (see Supplementary Materials) reflect evolving 
research priorities in the intervening 12- to 42-year period. Together 
with the contrasting dates for baseline sampling (Table S1), this pre-
vent a direct comparison of SOC stocks between initial and current 
estimates.
2.4 | Root and mycorrhizal hyphae production
At Ballogie, in-growth techniques were used to assay root and hy-
phal production as a proxy measure of the relative contribution of 
root and hyphal respiration to total soil respiration. For hyphae, 
four sand-filled 5 cm × 5 cm bags of 41 µm mesh were deployed at 
5 cm depth within each plot from May to October 2017 (181 days). 
Upon harvest, in-growth bags were freeze-dried for 72 hr and hy-
phae were extracted by suspending 1.5 g sand in deionized water 
and sonicating for 10 min before filtering onto glass microfiber fil-
ters (Whatman TM) and analysing C content using a FLASH SMART 
elemental analyser (ThermoFisher Scientific). Five laboratory blank 
samples were processed as controls. For roots, four bags of organic 
soil (from Ballogie) of 2 mm plastic mesh with height = 5 cm and plan 
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view area = 2.95 cm2 were deployed at 5 cm soil depth in each plot 
from May to October 2018 (147 days). All roots were plucked and 
washed within 24 hr of harvest and dried for 72 hr at 50°C.
2.5 | Data analysis
All analyses were carried out using R Version 3.4.0 (R Core 
Team, 2017). Variation in soil respiration, soil and vegetation C stocks, 
root production and hyphal production was investigated using nested 
ANOVA following a linear mixed effects model (Pinheiro, Bates, 
DebRoy, & Sarkar, 2012). If interactions between fixed effects were 
not significant (p > .05), they were removed to maximize degrees of 
freedom (Crawley, 2007). Covariates that did not significantly im-
prove the model fit, as measured by Akaike information criterion 
(Akaike, 1998) values, were removed from the model. In the soil respi-
ration model, treatment (birch, pine or heather control), soil tempera-
ture and moisture were included as fixed effects and block and collar 
(physical point where respiration measurement was taken) assigned 
as random effects, accounting for variation between block sampling 
dates (Harrison et al., 2018). Tree basal area was removed from the 
soil respiration model as it did not significantly improve the model fit. 
In the C stock model, treatment (birch, pine or heather control) was 
included as a fixed effect and block (Ballogie) or plot pair (Kerrow, 
Craggan and Delnalyne) a random effect. In the root and hyphal pro-
duction models, treatment (birch, pine or heather control) was in-
cluded as a fixed effect and block as random effects. Variation in soil 
respiration through time was modelled using a generalized additive 
model with a mixed effects structure (Pedersen, Miller, Simpson, & 
Ross, 2019) as described above.
3  | RESULTS
At Ballogie, SOC stocks in birch plots were 58% less (p = .02) than 
in the un-planted heather control plots 12 years after planting 
(Figure 2). This loss of soil C from organic horizons in birch plots at 
Ballogie was not compensated for by C in above-ground tree and 
ground flora biomass as the combined above- and below-ground C 
(ecosystem C stock) in the birch plots was lower than the total C in the 
heather control plots (p = .028). No significant change in SOC stocks 
was seen in the Scots pine plots (Ballogie) 12 years after planting 
(p = .48), and, although in these plots a substantial amount of C has 
been sequestered as tree biomass (Figure 2), the whole ecosystem 
C stock was not significantly different (p = .79) between pine and 
heather control plots 12 years after planting. At Kerrow, SOC stocks 
in birch plots were 50% less (p = .03) than in the un-planted heather 
control plots while ecosystem C stock (excluding ground flora C) was 
not significantly different in birch plots relative to heather controls 
after 39 years (p = .66; Figure 2). At both the Craggan and Delnalyne 
sites, there was no significant difference in SOC (p = .34 and p = .18, 
respectively), or ecosystem C stock (p = .84 and p = .77, respectively; 
Figure 2), between birch and heather control plots 39 years after 
planting. At all sites, tree planting was associated with a trend for 
F I G U R E  2   Mean ecosystem C stocks 
from four sites across Northern Scotland. 
Roots and organic horizon C stocks are 
represented beneath the zero-line on the 
y-axis and tree and ground flora above 
the line in planted birch and pine plots as 
well as in un-planted heather moorland 
(‘Heather’) control plots. Error bars are 
1 SE of each constituent C stock mean
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lower SOC stocks, although this was only significant at two of four 
sites.
Soil respiration was significantly (p < .01) higher in the birch 
and pine stands compared to the heather control plots across the 
measurement period at the Ballogie site, 12 years after planting 
(Figure 3a). Soil respiration showed a seasonal pattern, with ap-
parent differences between the planted and control plots May–
September (p < .05) and no difference between planted and control 
plots October–April (p > .1; Figure 3a). The seasonal pattern corre-
sponded with soil temperature variations (Figure 3b). There was no 
significant difference in the amount of roots produced in the heather 
control plots and planted birch (p = .69) or planted pine (p = .11) 
plots over one growing season (Figure S2). There was also no signif-
icant difference in the amount of mycorrhizal hyphae produced in 
the heather control plots and planted birch (p = .37) or planted pine 
(p = .72) plots over one growing season.
At Ballogie, where subplots were systematically weeded, none 
of the weeding treatments were associated with significantly altered 
soil respiration compared to un-weeded controls in Heather (WD: 
p = .93, WM: p = .53, WR: p = .50), birch (WD: p = .17, WM: p = .18, 
WR: p = .16) or pine (WD: p = .19, WM: p = .21, WR: p = .25) plots 
(Figure S4).
4  | DISCUSSION
4.1 | Whole ecosystem (above- and below-ground) 
carbon stocks
Planting replicated stands of two native tree species onto heather 
moorlands was associated with significantly lower O-horizon SOC 
stocks at two sites, and no change in SOC stocks at two other sites 
(Figure 2). As baseline soil parameters did not differ significantly or 
systematically between planting treatments (Table S1), we conclude 
that any current differences in SOC stocks between un-planted 
heather control plots and planted plots are caused by tree plant-
ing. Despite increased above-ground C associated with tree bio-
mass, the loss of SOC in planted plots resulted in no net increase in 
ecosystem C stock at any site over the duration of the experiment, 
and a net loss at one site (Figure 2). When considering both above- 
and below-ground C stocks, these data show no net gain in whole 
ecosystem C stock as a result of planting trees, over the decadal 
timescales observed here. At one site, Kerrow, above-ground tree C 
gains offset the significant SOC losses associated with tree planting 
(Figure 2), indicating that initial loss of SOC associated with planting 
trees may be compensated for by tree C gains after 39 years. As the 
birch stands continue to age and grow, they may eventually lead to 
net ecosystem C sequestration after 39 years, assuming no further 
SOC loss.
Differences in SOC between heather and birch plots may be 
explained by different rates of C lost as CO2 (Figure 3a) or as dis-
solved organic carbon (DOC, Figure 4). We did not quantify the 
latter, but early evidence from similar experimental plots suggests 
that DOC loss is 43% greater from planted birch plots than adja-
cent heather moorlands (Dawson et al., 2007). An assessment of 
the extent to which organic materials—originating from leaf and 
root litter, rhizodeposition and O-horizon SOM—are transferred 
to mineral horizons was beyond the scope of the current study, 
although we note the potential value of this for future research 
at these plots.
Plots planted with birch 39 years previously showed a sig-
nificant decline in SOC stocks from O-horizons relative to adja-
cent heather moorlands at one of three sites (Kerrow, Figure 2). 
Furthermore, there was no evidence of significant net ecosystem 
C accumulation in forested plots at any of the sites investigated 
(Kerrow, Craggan and Delnalyne). These results mirror those found 
when these three sites were surveyed in 2007 (Smith et al., 2007). 
As these experimental plantings are more than three times older 
F I G U R E  3   Modelled mean soil respiration in planted birch and pine plots and heather moorland (‘Heather’) control plots based on 
measurements conducted over 2017–2018 at the Ballogie site. (a) Modelled mean for total measurement period from mixed effects models 
with block and plot as random effects, tree size, soil moisture and temperature as fixed effects and an interaction term between date and 
plot. (b) Modelled mean over time with soil temperature averaged across all plots, together with measured data (points) using a generalized 
additive model with a mixed effects structure as in (a). Output error bars/ribbons are standard error of the mean (n = 3)
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than those at Ballogie, there may be regeneration of SOC stocks 
as forest stands age. However, at Kerrow, where the trees are the 
same age as trees at Craggan and Delnalyne (39 years), SOC stocks 
from organic horizons declined by 50% in planted birch plots rela-
tive to heather control plots (Figure 2). The direction of this trend 
is similar to Ballogie, and, although there is a slowing of SOC loss 
(4.8% year−1 at Ballogie vs. 1.3% year−1 at Kerrow), this is still a 
highly significant loss of SOC from the system. This may, in part, be 
explained by a reduction in mycorrhizal C use efficiency as forest 
stands age and N availability decreases (Hagenbo et al., 2019). A 
similar study (using some of the sites studied in the current work) 
found a decrease in SOC stocks by 20.6% in 20-year-old birch 
plantations relative to heather moorland (Mitchell et al., 2007), 
and declines in organic matter in the top 5 cm of soil were re-
ported in birch forests (compared to adjacent heather moorland) 
of 21%, 27%, 38% and 50% in 18-, 26-, 38- and 90-year-old forests 
(Miles, 1981), respectively. These results suggest high rates of or-
ganic matter decline in young forests, which slow as forest stands 
age. Using a modelling approach, Poeplau et al. (2011) estimate 
that afforestation of temperate grasslands results in SOC loss in 
the first 50 years after plantation but then gradually leads to SOC 
gain in the forest floor. Although the specific land use change ex-
plored in that paper is different from the current work, the change 
in the magnitude, and direction, of the SOC trend over time may 
be relevant in the current context. We found lower SOC stocks 
in birch forests than in adjacent heather moorlands in two sites 
(Ballogie and Kerrow). However, the magnitude of this change was 
different, with younger stands depleting SOC stocks more, and 
tree-associated C stocks offsetting SOC loss in older stands, but, 
crucially, not leading to net ecosystem C gain.
As all plots (within site) showed no significant difference in base-
line soil parameters prior to tree planting, the differences in stocks 
between planted and control plots found here are likely driven by 
the presence of planted trees. However, we note that there are sig-
nificant differences in SOC stocks between sites, despite being es-
tablished at the same time and using the same method (Figure 2). 
This suggests that abiotic factors, such as moisture, topography/
aspect and pre-existing soil conditions can affect the absolute 
magnitude of the change in SOC stock following planting of birch 
trees onto heather moorlands. Combined, this evidence shows that 
(a) careful consideration must be taken when choosing sites for fu-
ture tree planting schemes and (b) a more nuanced approach to an 
evaluation of SOC stocks prior to planting is warranted, rather than 
simply whether peat horizons are greater than 50 cm deep (Forestry 
Commission Scotland, 2014).
4.2 | Soil and mycorrhizosphere processes
Consistent with the inventories of SOC (Figure 2), planting two 
native tree species onto heather moorlands resulted in greater 
release of CO2 from the soil (soil respiration) relative to the un-
planted heather moorlands 12 years post-planting (Figure 3a). 
This increase in soil respiration in planted plots relative to heather 
control plots occurred despite similar rates of root and mycor-
rhizal hyphae production between planted plots and heather 
F I G U R E  4   Conceptual diagram representing the relative differences in magnitude (represented by arrow width) of carbon fluxes into 
and out of the ecosystem in birch, pine and heather moorland plots. Carbon dioxide (CO2) is fixed by plants and released back into the 
atmosphere through plant and soil (root, mycorrhiza and decomposer) respiration. Plant litter decomposition and root exudations are 
influxes of carbon into the soil and lead to soil organic carbon (SOC) formation, an unknown fraction of which is leached from the system in 
the form of dissolved organic carbon (DOC). Litter inputs may also, however, lead to accelerated decomposition (‘priming’) of pre-existing 
SOC. Dashed arrows indicate fluxes not quantified in this study. Organic and mineral soil horizons represented by brown (scaled to SOC 
stocks found at Ballogie in Figure 2) and grey boxes, respectively
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control plots (Figure S1); that is, root respiration potential is simi-
lar. Combined, this may indicate positive soil ‘priming’, whereby 
recent C inputs into the soil, mediated by carbon assimilation 
above-ground, stimulate the soil microbial community, enabling 
decomposition of pre-existing soil C stores and release of CO2 
into the atmosphere (Fontaine et al., 2007). This phenomenon has 
been detected from temperate peatlands (Walker et al., 2016) to 
arctic permafrost soils (Street et al., 2020; Wild et al., 2016) and 
may become a more prevalent mechanism, causing increased CO2 
release and soil C loss in regions with large soil C pools (Hartley 
et al., 2012) affected by climate driven changes in plant communi-
ties. The loss of organic horizon SOC in moorland with tree plant-
ing coincides with a shift in the dominance of mycorrhizal type 
from ericoid mycorrhizal (ERM) fungi to ectomycorrhizal (ECM) 
fungi. This key difference may lead to faster hyphae turnover 
(Clemmensen et al., 2015), and less diverse extracellular enzymes 
(Read & Perez-Moreno, 2003) but with potentially higher expres-
sion (Sterkenburg, Clemmensen, Ekblad, Finlay, & Lindahl, 2018), 
especially SOM-degrading peroxidases that may be used to liber-
ate N from complex organic matter (Bödeker et al., 2014). Priming 
of organic matter may be particularly important for trees as they 
colonize uplands and tundra as the N that they require for growth 
is typically bound to organic matter (Shaver et al., 1992). A key 
question remains concerning the role of mycorrhizal fungi in prim-
ing of upland and tundra soils as well as more widely across other 
ecosystems (Frey, 2019; Zak et al., 2019). It should also be noted 
that many soils in these regions may be particularly vulnerable to 
the direct effects of warming (Karhu et al., 2014). Higher soil respi-
ration rates in the planted plots relative to the unplanted heather 
moorland controls were seasonal, with apparent differences in 
the spring and summer months (May–September; Figure 3b) and 
no difference between planted and unplanted plots in the autumn 
and winter months (October–April; Figure 3b). This seasonality 
corresponds with higher temperatures and photosynthetic activ-
ity leading to more C resources being allocated below-ground by 
the plants. Soil moisture also exhibited clear seasonality across all 
treatments, with wetter soils in the autumn and winter months, 
followed by drying during spring and summer; however, there was 
no difference between treatment types (Figure S3, p > .05), possi-
bly due to the relatively small scale of the experimental plantings 
and the likely importance of lateral soil water recharge at these 
sites. However, at the landscape scale, large-scale afforestation is 
likely to impact the ecosystem water balance, affecting soil mois-
ture substantially (Roberts, 1999). In organic-rich soils, significant 
soil drying together with rhizosphere priming may accentuate 
rates of SOC loss further (Birch, 1958; Fontaine et al., 2007), both 
to the atmosphere and to ground- and surface-waters.
Although we find similar rates of root production between 
planted and unplanted treatments (Figure S2a), the increase in soil 
respiration seen in planted plots may represent the rapid cycling of 
recently fixed C back to the atmosphere via root respiration, which 
can be the fate of a large fraction of fixed C (Högberg et al., 2001; 
Pumpanen, Heinonsalo, Rasilo, Hurme, & Ilvesniemi, 2009; Ryan & 
Law, 2005). The contribution of understorey species to this CO2 
efflux, assessed through systematic weeding treatments with sus-
tained removal of key understorey species from subplots within 
all plots, is not significant (Figure S4). This result is similar to that 
found by Kritzler, Artz, and Johnson (2016), where prevention 
of photosynthate allocation to the rhizosphere (through the im-
plementation of ‘girdling’; the removal of phloem tissues around 
stems) in C. vulgaris did not alter soil CO2 efflux. Furthermore, it 
has recently been found that mountain birch and associated fungi 
are responsible for the majority of soil respiration in peak growing 
season in a sub-Arctic treeline forest (Parker et al., 2020). Taken 
together, these results indicate that the canopy-forming tree spe-
cies have a larger net contribution to the return flux of C (soil respi-
ration) than understorey species, although rhizosphere processes 
associated with the latter are too poorly understood at present to 
reach firm conclusions.
The difference in soil respiration and SOC stocks between birch 
and heather control plots is likely driven by contrasting mycorrhizal 
types (Figure 4), from the ERM heathland shrubs, with recalcitrant 
litter, slow hyphal turnover and suppression of saprotrophic decom-
posers, to the ECM birch and pine trees, with faster hyphal turn-
over and more generalist saprotrophic decomposers (Clemmensen 
et al., 2015; Hazard & Johnson, 2018; Read & Perez-Moreno, 2003). 
The difference in SOC accumulation between birch and pine plots 
found here may also be explained by differences in quality of leaf 
litter (Brovkin et al., 2012; Dorrepaal, Cornelissen, Aerts, Wallén, 
& Van Logtestijn, 2005; Epps, Comerford, Reeves, Cropper, & 
Araujo, 2007; Parker et al., 2018) and root exudates (Smith, 1976), 
resulting in slower C turnover in the coniferous pine stands relative 
to the deciduous birch stands (Melvin et al., 2015; Figure 4). The 
combined above- and below-ground C stocks in the pine plots were 
similar to heather control plots 12 years after planting, indicating 
that planting pine trees onto heather moorlands may lead to little 
change in ecosystem C sequestration in the short to medium term 
(~12 years).
4.3 | Synthesis
This study contributes to the debate on scenarios of change in soil 
and ecosystem C stocks in northern circumpolar boreal and low arc-
tic ecosystems with similar plant functional types and controls on 
SOM dynamics. Indeed, model analyses (Pearson et al., 2013) indi-
cate that substantial regions of the ~1.63 million km2 of circum-polar 
arctic vegetation communities which currently have sedge, shrub 
and moss-dominated vegetation have the potential to shift to forest 
(Raynolds et al., 2019) and have recently been identified as areas for 
potential tree restoration/afforestation (Bastin et al., 2019). These 
are also systems where SOC densities are remarkably high (Hugelius 
et al., 2013) and potentially vulnerable to both the direct (Karhu 
et al., 2014) and indirect effects of warming. This long-term planting 
experiment, with ECM trees growing on former ERM heather moor-
land, provides the most informative empirical evidence to date for 
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the potential effects of tree establishment in ericaceous heathlands, 
including tundra heaths. In the Scottish context, our data suggest 
that the current policy not permitting afforestation on peats >50 cm 
deep (Forestry Commission Scotland, 2014) should be reviewed 
and tightened; recommendations (to the Scottish Government's 
Woodland Expansion Advisory Group) that 34% of Scotland's land 
area may have potential for woodland expansion (Sing, Towers, & 
Ellis, 2013) risk jeopardizing soil (and ecosystem) C stocks on the 
extensive heather moorlands and heathlands with organic horizons 
of <50 cm depth. Growing interest in afforestation as a means of 
climate mitigation both locally and globally necessitates that eco-
system-level biogeochemistry and C fluxes are better quantified and 
understood before we can be assured that large scale tree planting in 
regions with large pre-existing SOC stocks have the intended policy 
and climate outcomes.
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